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 Abstract—A group of four commercial sensors with pixel 
pitches below 2μm has been irradiated with 60Co source at 
several total ionizing dose levels related to space applications. A 
phenomenological approach is proposed through behavior 
analysis of multiple sensors embedding different technological 
choices (pitch, isolation or buried oxide). A complete 
characterization including dark current, activation energy and 
temporal noise analysis allows to discuss about a degradation 
scheme. 
Index Terms— Irradiation, APS, CMOS 4T image sensor, 
pinned photodiode, dark current, temporal noise, activation 
energy. 
I. INTRODUCTION
HE recent trend of mobile phone market has established 
CMOS Image Sensors (CIS) as the new standard for such 
imaging applications. These devices actually do offer the 
best scaling capability, allowing to reach micron size pixels, 
and as a consequence to get low-cost image sensors up to 10 
Mpix. Moreover, to keep a constant signal-to-noise ratio 
despite of the pixel area scaling, a specific care has taken to 
reduce the noise sources. One of the most efficient way to 
minimize these noise sources is to use a 4T CMOS pinned 
photodiode pixel [1]-[4]. 
The use of these commercial image sensors extends in some 
harsh environments applications, especially for the medical, 
scientific or spatial imaging domains [5]. This involves new 
specifications, including that the CIS should become radiation 
tolerant. Several studies have already been dedicated to the 
ionizing dose induced degradation in 3T CMOS pixel ([6]-
[9]), but very few are available concerning the 4T CMOS 
pinned photodiode [10]-[12].  
It is proposed in this paper to focus on the study of the 
degradation induced by 60Co gamma rays on some small-pitch 
4T CMOS image sensors, down to 1.4μm pixel pitch.  
Moreover, the impact of some different technological options 
will be investigated, by characterizing several types of sensors 
with different kinds of Trench Isolation (TI), buried oxide 
(BOX) and multiple doped lateral interfaces. The pixel 
degradation will be first characterized by measuring the pixel 
dark current degradation with Total Ionizing Dose (TID). The 
evolution of the dark current activation energy will also be 
shown to complete the discussion about the pixel degradation 
scheme. Finally, the pixel temporal noise evolution with TID 
will also be presented and discussed, assuming that the pixel 
dark current and the temporal noise are the major contributors 
of the pixel noise floor. 
II. EXPERIMENTAL DETAILS
Nowadays, most of the CMOS image sensors are on the so-
called Active Pixel Sensor (APS) organization [13]. This 
means that an in-pixel charge to voltage conversion is used 
and associated to buffering performed by an embedded 
transistor called Source Follower (SF). The readout is 
selectively done all along the matrix with a line access 
transistor, the Readout transistor (RD). The sensors used in 
this study are 4T CMOS pixel which means that four 
transistors are embedded as shown in Fig. 1. 
The specificity of this pixel architecture resides in the 
photodiode itself. It is called a pinned photodiode, which 
consists in a shallow buried N-type photodiode pinched by 
two opposite doping layers represented in Fig. 1. To allow 
charge transfer in a readout node called the Sense Node (SN), 
a transistor called Transfer Gate (TG) is located next to the 
photodiode. The reset cycle of the sense node is done by a last 
transistor called Reset transistor (RST). 
The four studied image sensors are based on 4T pinned 
photodiodes pixels manufactured in 90 nm ST 
microelectronics CIS processes. They include technological 
choices, summarized in Table I, with different isolation 
trenches (Shallow and deep trenches [14]), pixel pitches and 
buried oxide (BOX). The sensors have been exposed to 60Co 
gamma ray source at the Université Catholique de Louvain 
(UCL). The dose rate used was 1 krad/h. Each sensor was 
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Fig. 1.  Schematic representation of 4T CMOS pixel 
exposed without any electrical bias and at room temperature to 
five different TID: 3, 10, 30, 100 and 300 krad(SiO2). Dark 
current mean values and histograms were evaluated on 
3Mpixels arrays to a temperature of 60°C. Note that at highest 
doses (30, 100 and 300 krad(SiO2)), huge dark current values 
required to adjust smaller integration times to avoid dark 
current non linearity and distorting these measurements. 
These technologies are motivated by different demands of 
CMOS imaging industry. The transition from STI to DTI [14] 
is needed to minimize electrical crosstalk which becomes 
more and more important as far as pixel pitch race moves on. 
The research of extensive QE performances pushed the 
industries of commercial sensors to move towards what is 
called backside illuminated (BSI) technologies. The 
integration of a buried oxide into the pixel could be one of the 
multiple process possibilities to obtain BSI technologies [15]. 
III. DARK CURRENT OBSERVATIONS
A. Degradation of dark current histogram with TID: 
To assess a first stage of endured degradation, dark current 
histogram evolution of sensor 175STI with 60Co gamma ray 
dose is shown in Fig. 2. 
The dark current evolution includes two phases. The curves 
below 30 krad(SiO2) show slight degradation. The dark 
current value of the peak value slowly increases while its 
standard deviation rapidly increases. During the second phase 
(30-300 krad(SiO2)), larger degradation is observed; the dark 
current value of the peak increases much stronger than 
preceding histograms at 30 krad(SiO2) and alleviates for the 
last two doses while the standard deviation decreases all along 
with dose. 
Now, it is interesting to compare the previous results by 
embedding deeper trenches such as made on sensor 175DTI. 
The results are exhibited in Fig. 3. 
The results plotted in Fig. 3. show a moderate increase of dark 
current value of the peak up to 30 krad(SiO2). Above, a more 
important variation is observed. The standard deviation keeps 
increasing slowly up to 30 krad(SiO2) and faster beyond. A 
secondary distribution is seen at 30 krad(SiO2). Afterwards, it 
seems to turn into a rising distribution tail. 
B. Technological impact of pixel isolation: 
After the presentation of dark current histogram, a 
presentation of mean dark current enable a better visibility of 
overall radiation effects. The first comparison will deal with 
the impact of pixel isolation trenches. The main difference 
between sensors 175STI and 175DTI, described in table I, is 
related to their trench isolation depth. The comparison of the 
dark current sensor degradation with TID is plotted in Fig.4. 
At first, it is noted two different behaviors regimes marked by 
a dotted line. On the marked area (1) at low doses 
(<10krad(SiO2)), dark current variations exhibit the same 
slopes. On marked area (2), beyond 10 krad(SiO2), the 
variations are radically different only for sensor 175STI. It is 
quite interesting to notice that the shortest trench presents a 
saturation phenomenon for the highest range of doses, whereas 
sensors with deep trench isolation exhibit a non-linear dark 
current increase. 
Fig. 4.  Evolution of dark current signal shift with total ionizing dose 
between sensors 175STI and 175DTI 
Fig. 3.  Dark current signal histogram with TID for sensor 175DTI 
Fig. 2.  Dark current signal histogram with TID for sensor 175STI 
TABLE I
SUMMARY OF PIXEL PHYSICAL DESCRIPTION
Sensor 
Pixel 
pitch 
(μm) 
Active 
area 
(μm²) 
Perimeter 
(μm) 
Isolation 
structures 
Gate 
oxide 
thickness 
175STI 1.75 1.18 3.7  Shallow 
trench 
65 Å
175DTI 1.75 1.26 5  Deep trench 50 Å
140DTI 1.4 0.55  4.15 Deep trench 50 Å
140DBOX 1.4  0.55 4.15 Deep trench  
+ BOX 
50 Å
C. Pixel area and perimeter impact: 
An evaluation of the impact of pixel geometry can be 
performed with two different pixel pitches (sensors 175DTI 
and 140DTI) on a technology sharing same deep trench 
isolations.  
Fig. 6 reveals too weak differences on dark current shift 
between these two sensors compared with the pixel active area 
variations. This can be explained by the nearly same value of 
perimeter, in spite of doubled active area values. 
D. Buried Oxide impact: 
The evaluation of buried oxide impact under irradiation is 
evaluated with the behaviors of sensors 140DTI and 
140DBOX after 60Co irradiations is represented in Fig. 7 
below. 
Dark current evolution of sensor 140DBOX departs from the 
sensor 140DTI mainly at low doses. This can be related to the 
addition of a buried oxide in sensor 140DBOX. At low doses, 
degradation is increasing faster with a buried oxide and tends 
to saturate in the same trend than sensor 140DTI. 
E. Impact of interface doping level 
Fig. 8 reports the behavior of two kinds of 1.75μm pixel 
process relative to sensor design 175STI, with different pwell 
doping passivation surrounding shallow trench isolation. 
Pixels with higher doping at trench isolation interface only 
show a negligible dark current reduction for the highest TID. 
IV. DISCUSSION
The dark current degradation on the studied sensors could be 
explained with a dependence to the pixel perimeter, to the 
trench isolation depth, and finally to the presence of a buried 
oxide layer. This would mean that the total area of Si/SiO2
interface surrounding the photodiode mainly drives the 
degradation with TID. This agrees well with the understanding 
in radiation effects of semi-conductor devices, where the 
major part of the damage occurs into the dielectric layers 
around the silicon [16]. The first parasitic effect consists in the 
apparition of fixed positive dielectric charges, due to some 
electron-hole generation into these layers. Next, the SiO2
interface states density tends also to increase due to some 
holes or radiolytic hydrogen diffusion towards the interface 
[16]. 
A. Considerations on activation energies 
To discriminate these two effects, dark current activation 
energy has been measured in the temperature range of 25 to 
60°C for sensor 140DTI, as shown in Fig. 9. 
Dark current activation energies remain relatively unchanged, 
around 1.25eV, for any TID used in the range 3 to 300 
krad(SiO2). In addition, this signature was measured on each 
sensor as well. This activation energy is induced when the 
minority carriers diffusion drives the dark current, and is 
typical of a pinned photodiode architecture [17]. On the 
contrary, an activation energy of about 0.65eV (near mid-gap 
value) can be observed if a thermal generation mechanism 
Fig. 9.  Description of dark current activation energy with TID for sensor 
140DTI before (Before Irr.)  and after irradiation (Irr.) 
Fig. 8.  Evolution of dark current signal shift with total ionizing dose for two 
differently doped isolation trenches on sensor 175STI 
Fig. 7.  Evolution of dark current signal shift with total ionizing dose for 
sensors 140DTI and 140DBOX 
Fig. 6.  Evolution of dark current signal shift with total ionizing dose on 
sensors 175DTI and 140DTI 
dominates. This occurs when an interface area is depleted 
[18].
As a consequence, this result means that whatever the 
observed TID degradation, the dielectric positive charges 
density remains low enough not to deplete one of the 
interfaces close to the photodiode. Finally, a mechanism of 
interface trap buildup [19] is assumed with total ionizing 
doses. Increasing interface state density induces an enhanced 
generation current which involves dark current evolution with 
TID. 
B. Relative comparison between trench isolations 
To consider now the impact of each isolation trenches, a 
normalization on each dark current degradation by its 
respective Si/SiO2 interface areas, described in Fig. 11. a), is 
suggested such as depicted below in Fig. 10. 
Taking into account this normalization, it is reported that the 
contribution of dark current per unit of area for deep trenches 
is less significant than shallower trenches on a great part of 
TID range. As seen on activation energies values, predominant 
dark current component is a diffusion mechanism. This latter 
can come from either bulk induced component or diffusion 
assisted by interface generation. Moreover, it is supposed here 
that TID can only modify the number of charges stored in bulk 
SiO2 insulator and its interface states density. So, dark current 
component will rise with these parameters during irradiation 
and be completely dependent on diffusion assisted by interface 
generation. According to continuity equation [20] and 
drawings in Fig. 11., the equilibrium at the interface is reduced 
to:  
0)0()0(int ==−=
++ xJxJ diff  (1) 
With Jint the generation current at the interface modeled by (2): 
)0()0(int
++
=Δ⋅⋅−== xnSqxJ  (2) 
With S the generation velocity of interface states proportional 
to interface state density, ǻn the variation of minority carriers 
inversely proportional to acceptor impurities concentration at 
the interface and q the electron charge. 
And Jdiff the diffusion current described by (3): 
)0()0( ++ =Δ⋅⋅−== x
dx
ndDqxJ diff  (3) 
With D the diffusion coefficient in the diffusion area 
Once generation component Jint will become too strong, 
diffusion component mainly driven by gradient of minority 
carrier concentration will stress the interface not to generate 
any stronger (maximal gradient is reached when n=n0), as 
sketched in Fig. 11. This phenomenon results in a saturation of 
dark current with TID. It is said to be diffusion limited. As a 
general statement, it is concluded that moving away the 
interface state from the electrical junction reduces dark current 
generation relative to its physical remote states. Thus, the 
relative influence of depth trenches is decreasing with growing 
values as exhibited in Fig.10. 
Moreover, some trends can be extracted from the plot of Fig. 
4. and so Fig. 12. still splited in two steps associated to two 
separate modeling.  
For both sensors, the beginning of the curves is relatively 
similar and modeled with a power law of same exponent B but 
with different factor A. In the middle of these curves sensors 
175STI can be approximately fitted with a logarithmic law and 
sensor 175DTI with power law. A doubt remains for this last 
one owing to the lack of points at higher doses. As a matter of 
fact, a saturation phenomenon is assumed at the end for the 
same physical arguments than reported previously. From now 
on, it is proved that the most visible degradation of each 
studied sensors comes from lateral trench interfaces. However, 
the differences of variations observed from 20 krad(SiO2) in 
Fig. 11.  Cross-section of pinned photodiode (a) and evolution of minority 
carrier concentration along a cut line with irradiation induced stress (b) 
Fig. 12.  Modeling of dark current degradation for sensors 175STI and 
175DTI 
Fig. 10.  Normalized contributions of dark current for the first three sensors
Fig.6. and above all in Fig.7. suggests different physical 
origins. So, it cannot be excluded a scenario where dark 
current would be generated from different locations with top 
or bottom interfaces at very low doses and lateral interfaces 
for high doses. But the degradation scheme itself may have 
been complex following the TID with generation induced by 
either charges accumulation (low doses) or interface states 
density increase (high doses). 
C. Electrostatic effects of TG 
During the standard dark current measurement, the transfer 
gate contribution is assumed to be negligible compared to the 
other contributions (Perimetric and surfacic components) 
because the TG is always biased in accumulation. An 
interesting aspect to be dealt with is the electrostatic influence 
efficiency of transfer gate after irradiation for two sensors 
(175STI and 140DTI) with different isolation trenches by 
studying dark current histograms. Thus, the first dark current 
distribution presented in Fig. 13. related to the sensor 175STI 
with different increasing TG OFF voltage (VTG). The position 
of VTG compared to the evolution of mean dark current values 
is presented by a small sketch in the corner of the Fig. 13. and 
Fig. 14. 
This diagram shows that dark current value of the peak is not 
particularly influenced with VTG but distributions of white 
pixels increase with the two highest voltages for both plotted 
conditions (T0 and 30 krad(SiO2)). This situation can be 
partially explained either by the predominant electrostatic 
influence ruling in a part of the STI for any area in the vicinity 
of TG or with the coupled mechanism [21] of high internal 
electric field at the vicinity of P+ pinned layer and TG channel 
and generation of the depleted interface state under gate oxide. 
The evolution of TG bias decreases progressively majority 
carriers concentration on a part of shallow trench and 
increases the depleted surface under the channel leading to a 
non uniform dark current increase. 
On the other hand, the distributions plotted for sensor 140DTI 
at 100 krad(SiO2) in Fig. 14. are no more regulated by TG 
voltage. 
Thus, the experiment carried out on technologies processed 
with DTI does not exhibit the same behavior. The extended 
depth of DTI compared to STI could be the reason why the 
mean dark current value completely fades the electrostatic 
influence of TG.
Then, it is known from literature [18] that the peak of dark 
current mean value corresponds to depletion regime under the 
TG. To consider the information included in this peak with 
VTG, an extraction of the TG induced influence is needed 
which corresponds to the mean dark current difference 
between the peak and the flat values, the last one 
corresponding to accumulation state. Being depleted, [18] 
proved that contribution of the TG is: 
depigenTG AnsqI ⋅⋅⋅= 0  (4) 
With the generation velocity SSthS Nvs ⋅⋅= σ0 , ıS the mean 
capture cross section, vth the thermal velocity, ni the intrinsic 
concentration, Nss the interface state density and Adep the 
depleted interface area. From this equation, a simple ratio of 
IgenTG is deduced before and after irradiation which can 
provide us a piece of information about the interface state 
density evolution. The normalized results of NSS increase are 
plotted in Table II. 
These results summarize the interface state degradations 
during the irradiation especially for sensor 175STI. These 
differences could come from different sources. The first one is 
the difference in gate oxide nature through its thickness. The 
other would be a difference in the quality of interface state 
density between shallow and deep trench. More interface 
states would be revealed by depletion state at the top of a 
shallow trench.  
V. TEMPORAL NOISE ANALYSIS
The analysis of the temporal noise sources at room 
TABLE II
SUMMARY OF NSS EVOLUTION UNDER TG
Sensor NssT0
Nss 10 
krad(SIO2)
Nss 30 
krad(SIO2)
Nss 100 
krad(SIO2)
175STI  1  x4.4 x12 
140DTI 1 x1.5  x4.8 
175DTI 1 x1.2  x6 
Fig. 14.  Dark current signal histogram with TG OFF voltage (VTG) for 
sensor 140DTI at 100 krad(SiO2)
Fig. 13.  Dark current signal histogram with TG OFF voltage (VTG) for 
sensor 175STI at 30 krad(SiO2)
temperature reveals that most of the degradation comes from 
the SF transistor, as plotted in Fig. 15.  
In Fig. 16 is observed that the temporal noise of sensor 
175STI degrades faster than for sensors 175DTI and 140DTI. 
It can be explained by a thicker gate oxide for the SF transistor 
on sensor 175STI (65 vs 50 Å) or by switching from deep to 
shallow trench. This result is coherent with previous studies 
[22] which refer to the dependence of the normalized noise 
magnitude degradation under irradiation with MOS gate oxide 
thickness.  
Now, considering temporal noise distribution for the first two 
sensors (175STI, 175DTI), it is observed in Fig. 17. on sensors 
175DTI with same gate oxide thickness (50 Å) a similar 
behavior splited in two steps. Here, distributions of Read noise 
are not plotted because histogram remain unchanged whatever 
doses at stake. 
At low doses (3-30 krad(SiO2)), the sigma value at the peak of 
the distribution remains relatively unchanged and its width is 
widened. For higher doses (>30 krad(SiO2)), higher variations 
of the peak value and standard deviation are reported. By 
switching on sensor 175STI in Fig. 18., the same behavior is 
observed for the second part of the graph but not in the first 
step for which it appears that thicker gate oxide (65 Å) 
increases variations of sigma peak and width values. 
As it is known from threshold voltage and sub-threshold slope 
analysis [16] that charges effects appear with thicker gate 
oxides at low doses, it would be a potential cause of 
variations. In the second phase, it is assumed that it would be 
mainly ruled by a degradation of gate oxide interface state 
density. However, temporal noise contribution of shallow and 
deep trenches might not be clearly identified. 
VI. OVERALL DISCUSSION
All results considered, identical conclusions can be drawn 
between dark current and temporal noise results. Though 
every oxide (gate oxide, dielectric gapfill, buried oxide) have 
different process conditions (RTO, LPCVD, …), it is assumed 
every oxide have in common two phases in which potential 
positive charges accumulate in early steps (3-30 krad(SiO2)) 
and interface state density increases afterwards (30-300 
krad(SiO2)). These conclusions should be proved in further 
studies with elementary structures including FOXFET and 
dedicated pinned diodes to be tested under same irradiation 
doses. 
VII. CONCLUSION
Commercial advanced CMOS image sensors have been 
irradiated with a 60Co source to space environment doses. 
Since these pixels with pinned photodiode have not initially 
been developed to be radiation tolerant, it was observed on 
these devices a pretty good radiation hardness, with a sensor 
functionality preserved up to 300krad(SiO2).  The exposition 
to the ionizing environment has mainly impacted the dark 
Fig. 18.  Evolution of temporal noise distribution with TID for SF in sensor 
175STI  
Fig. 17.  Evolution of temporal noise distribution with TID for SF in sensor 
175DTI 
Fig. 16.  Evolution of relative temporal noise shift with total ionizing dose on 
three different sensors 
Fig. 15.  Different contributors of temporal noise for sensor 175STI 
current and the temporal noise of the sensor. Down to 
30krad(SiO2), the degradation increased according to a power 
law with the TID, whereas for the highest doses, some non-
linear phenomena were observed. Next, it was shown that 
some technological items like the pixel isolation fabrication or 
the presence of a buried oxide can modulate the degradation 
respectively at high and low TID. Even if the nature of every 
oxide introduced can be radically different and complex, a 
first analysis based on the dark current Arrhenius energy 
highlights that the TID induced damage was not due to a 
depleted interface, as previously observed on 3T CMOS image 
sensors. Afterwards, it would be interesting to investigate the 
contribution of positive charges generated in every oxide to be 
compared with interface state density. Finally, the degradation 
of the sensor temporal noise has been mainly attributed to TID 
induced damage in the pixel SF device, and it increased with 
the MOS gate oxide thickness.  
Although sensors hardness seems to be quite interesting, 
further hardening will be targeted. Area top interface was 
shown as not being an impact parameter under irradiation. 
Perimeter impact will have to be probably modulated by new 
process conditions on trench isolations. But it is proved as 
well that new technological choices can change everything in 
sensors robustness under space environments.  
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